Introduction {#Sec1}
============

Parylene is the trade name for poly(para-xylylene) derivatives and has been around for more than half a century. In 1947 the deposition of thin polymeric films of poly(para-xylylene) onto a surface using a gaseous precursor was first observed by Szwarc \[[@CR1]\]. Today it is typically deposited by the Gorham method \[[@CR2]\] from \[2,2\] paracyclophane \[[@CR3], [@CR4]\]. There are a number of derivatives and isomers of parylene; however, only four types are commercially available: parylene N, C (see Fig. [3a](#Fig3){ref-type="fig"}), and D with none, one, and two substituted chlorine atoms per aromatic ring, respectively. The fourth type is SCS parylene HT®, the newest commercially available parylene which replaces the alpha hydrogen atom of the N dimer with fluorine \[[@CR5]\]. Poly(chloro-para-xylylene) (parylene C) is the most widely used member of the parylene family due to its excellent chemical and physical properties. It is used in a broad range of areas including electronics, medicine, aerospace, aviation, and the automotive industry \[[@CR6]--[@CR8]\].

The steps of the chemical vapor deposition process of parylene consist of: (A) the sublimation of the dimer in a sublimation furnace, (B) the cracking of the dimer into monomer subunits in the pyrolysis furnace, (C) the transport of the monomer into the deposition chamber, (D) diffusion of the monomer, (E) adsorption of the monomer into the substrate, (F) surface migration, and (G) chemical reaction \[[@CR6], [@CR9]\]. While steps A, B, and C have little influence on the polymer film structure, the last four steps are crucial.

Three main ideas conducted separately are known as ways to improve the functionalities and physicochemical properties of parylene film. The first method is chemical modification of \[2,2\] paracyclophanes before polymerization where subsequent vapor deposition leads to functionalized chains. The second method is to use substrates which are capable of reacting with monomers or biradical chains solely during the polymerization, which leads to the modification of the layer over the reactive substrate. The former method requires the changing of process parameters, as new types of monomers influence the parylenes structure. The third method is to modify the conditions of the vapor deposition process \[[@CR10]--[@CR12]\]. Therefore, a detailed understanding of the last four steps of the chemical vapor deposition process of parylene is essential toward formulating a better design of the structure of parylene film.

To date, several growth mechanisms of the polymer film have been proposed \[[@CR9], [@CR13]--[@CR16]\]. There are also a number of experimental \[[@CR7], [@CR11], [@CR16]--[@CR18]\] and theoretical \[[@CR12], [@CR19]--[@CR21]\] studies on parylene film structure. However, most evidence argues for the scaling growth mechanism proposed by Cetinkaya et al. \[[@CR11]\]. According to this mechanism, three steps of polymer film growth can be identified. In the first, the vapor flux arrives at an oblique angle and leads to the formation of higher surface features (columns) due to a geometric shadowing process. In the second, the approaching monomers are captured by the columns and the valleys are not filled. In this case, the film gets thicker and the columns wider. The enhanced reactivity and diffusion encourages the monomers to search for the nearest end of the polymer. Finally, the number of columns decreases as the film gets thicker until a critical thickness is reached. Bowie and Zhao \[[@CR12]\] used a simple two-dimensional model Monte Carlo simulation of vapor deposition polymerization to show that the polymer chain length, polymer film thickness and density, and polymer structure depends on the ratio of diffusion coefficient to deposition rate. Molecular dynamics simulations were applied to study the structure and dynamics of poly(p-xylylene) in the bulky phase and of isolated chains at different temperatures using a simple empirical potential \[[@CR19]\]. These simulations reproduced experimentally known changes in polymer density as a function of temperature and thermal expansion coefficient, and showed that the temperature disordering of the initial alpha-crystaline structure is close to the experimentally measured temperature of transition between alpha and beta polymorphs of poly(p-xylylene). Theoretical calculations performed by Sroka-Bartnicka et al. \[[@CR19]\] shows that a change in the chain conformation of parylene N causes a change in the isotropic values of the ^13^C chemical shifts by a few ppm, while intermolecular interactions bring about a difference of approximately 2 ppm in ^13^C δ~iso~ only.

Herein, we report the results of our studies on first stages of parylene C polymerization on the water surface. The parylene polymer can be deposited on liquid surfaces such that the liquid can be used as a solid substrate. The resulting structure remains thermally and chemically stable, and the liquid is hermetically sealed under the parylene layer. The parylene layer does not exert any stress on the liquid surface and hence perfectly replicates the surface of the liquid \[[@CR22]--[@CR24]\].

Classical molecular dynamics can give insight into the mechanism of growth of the structure of the polymer film, diffusion coefficient, the nature of clustering, and the effect of adhesion. Also, conformations of the chains were tracked throughout the dynamics to find the relationship between the length, cluster stability, and the structure in the polymer film in its formation process.

Methods {#Sec2}
=======

Since parylene C (see Fig. [3a](#Fig3){ref-type="fig"}) is the most widely used among the parylene family, this molecule was selected for simulation. In the first step, parylene C was parameterized using the antechamber program from the AMBER v 9.0 \[[@CR25], [@CR26]\] package. The only available torsion angle was set as default X-CT-CT-X parameter as available in AMBER \[[@CR27]\]. A TIP3P \[[@CR28]\] water box (110 × 110 × 40 Å approximate size) was then built using the leap program from AMBER (v. 9.0 package). The simulation was performed on the water's surface based on very recent information regarding the following only marginally described phenomenon: The parylene polymer can be deposited on liquid surfaces such that the liquid can be used as a solid substrate. The resulting structure remains thermally and chemically stable, and the liquid is hermetically sealed under the parylene layer. The parylene layer does not exert any stress on the liquid surface and hence perfectly replicates the surface of the liquid \[[@CR22]--[@CR24]\].

Seven different molecular systems with a polymer length of 1, 2, 3, 4, 5, 11, and 121 units were built under the assumption that one parylene unit can occupy a surface area of 10 × 10 Å^2^. The distance between two vicinal cells (with the aromatic ring placed in the center, as measured for the α-form of parylene N by Wunderlich et al. \[[@CR29]\] was 10.64 Å. The same distance measured for parylene C by Lakhtakia et al. \[[@CR30]\] was 12.69 Å (monoclinic unit cell a = 596 pm, b = 1269 pm, c = 666 pm and β = 135.2°) \[[@CR30]\]. The calculated parylene C density (using cell size by Lakhtakia et al.) is 0.643 g cm^-3^ (no further symmetry information is given). Using the symmetry information from \[[@CR19]\] the density is 1.286 while the experimentally measured density is 1.289 g cm^-3^ \[[@CR31]\]. In our calculation the observed density in a cluster was about 1.286 g cm^-3^. The slight differences are most probably caused by the difference in the used Lennard-Jones parameters. Additionally observed differences may be caused by the fact that planar parylene C films produced conventionally are typically only about 45-60% crystalline \[[@CR6], [@CR7]\]. The length of the chain axis is consistent with available crystallographic data within a difference of 0.2 Å \[[@CR30]\]. (The length of the chain axis measured by Lakhtakia et al. was 6.66 Å, whilst in our model it is 6.87 Å.) In our first simulated system, as a consequence of the assumptions taken and the water box built, 121 parylene C monomers were placed symmetrically on the 110 × 110 Å^2^ water surface. (According to our results (not shown) the final conformation of parylene chain does not depend on the starting orientation.) In the remaining computed systems, we attempted to maintain the aforementioned 121 units per calculation. In a second system, we employed 60 dimers, and in a third, 40 trimers, and so on, in a similar fashion. The last computed system was one entailing a single chain with a length of 121 units. This approach is justified by the fact that during parylene polymerization, the polymer chain grows one unit at a time \[[@CR6], [@CR32]\]. To compare the results with those containing a higher degree of the parylene concentration (and therefore deposition speed), we additionally computed the aforementioned systems with a double layer (i.e., concentration) of parylene molecules. This results in 14 computed systems.

In all cases, 2 ns molecular dynamics with a 1 fs time step, constant volume, periodic boundary conditions, and the SHAKE algorithm \[[@CR33]\] on the hydrogen atoms were applied. For long-range electrostatic interactions, the PME (Particle Mesh Ewald) method was employed \[[@CR34]\]. To limit the direct space sum for PME, a 12 Å cutoff was used. Non-bonding interactions were updated every 25 steps.

To maintain the flat shape of the water surface, we increased the Z-axis size of the computed box from 40 Å to 100 Å in order to gain an average density of about 0.4 g cm^-3^ as described in \[[@CR35]\]. During the first 250 ps the systems were linearly heated from 10 to 300 K and further simulated in a temperature of 300 K without any constraints. (Parylene C spontaneously polymerizes on surfaces maintained below 90 °C, usually the condensation is made at room temperature \[[@CR2], [@CR6]\].) Data were collected every 1000 steps.

Results and discussion {#Sec3}
======================

The example systems after 2 ns simulations are presented on Fig. [1](#MOESM1){ref-type=""} (for more details see Supplementary data). As it is shown, hydrophobic oligomers are grouped into smaller or larger clusters which dimensions depending on the number of units in the chain and the concentration. What is also interesting is the fact that for longer chains, the interactions are sufficiently large to keep the chains ordered. This means that when the chains are of an adequate length, they keep together throughout their entire body length (see Fig. [1](#Fig1){ref-type="fig"} n = 11). This in turn suggests that with sufficient parylene chain growth and an accordingly not too low density (which depends on the conditions in the polymerization chamber), the structure of the resultant parylene film can be modulated to adopt a more or less regular conformation; this effect was confirmed experimentally \[[@CR12], [@CR17]\]. We further speculate that with a high deposition ratio, the newly formed chains will not have enough time to adopt a compact conformation. With a high deposition ratio, the core of the newly formed column is irregular as is shown with n = 2 and 3 on Fig. [1](#Fig1){ref-type="fig"}, where chain elongation of the polymer occurs so as to merit structure roughening. With a low deposition ratio, the core of the newly formed column is regular, as is shown on Fig. [1](#Fig1){ref-type="fig"} for n = 5 and 11 (newly formed oligomers have enough time for relaxation); here, polymer chain elongation results in compact structure. Fig. 1Simulated systems after 2 ns molecular dynamics. Water surface contained about 8800 water molecules and 110x110x42 Å approximate Q3 size. The distance between water surface and the parylene molecule was set to about 5 and 15 Å in a first and second layer, respectively

Four types of parameters were used to analyze the obtained results - the angle between the surface created by the aromatic ring of the unit and the water surface, the dihedral angle between two connected parylene units, the average distance of the parylene unit to the water surface and the mobility of the parylen on the water surface. The results are summarized in Figs. [1](#MOESM1){ref-type=""}, [2](#MOESM1){ref-type=""} and [3](#MOESM1){ref-type=""} (for more information see Supplementary data). Fig. 2The angle between the surface created by the aromatic ring of every unit and the water surface. (**a**) Definition of the angle. (**b**) Top: the average angle. Bottom: the angle distribution. The angle population was divided for three ranges 0--30 -- red, 30--60 -- green and 60--90 -- blue and plotted as a percentage of distributionFig. 3Dihedral angle between the aromatic rings of two vicinal units. (**a**) Definition of the angle. (**b**) Top: the average angle. Bottom: the angle distribution. The angle population was divided for three ranges 0--30 -- red, 30--90 -- green, 90--150 -- blue and 150-- 180 -- orange and plotted as a percentage of distribution

According to our results the average angle between the parylene unit and the water surface depends strongly on the length of the simulated oligomer. With chain elongation, the average angle increases (see Fig. [2](#Fig2){ref-type="fig"}) from 0° (at the beginning of the simulation) to a maximum of 70° (in the system with a chain length of 11 units). While there are no large differences between systems with a chain length from 1 to 4 units, we observed a rapid increase in the population of units with angles between 60 and 90° in a system with a chain length of 5 units (see Fig. [2](#Fig2){ref-type="fig"}, n = 5). This led us to postulate that the minimum number of parylene units in a chain which are necessary to adhere to a covered surface, and to create a stable hydrophobic cluster, is five. The differences in angle population for 11 and 121 unit systems is caused by the steric effect of chain bending. Some of the units placed on the chain bend to prevent the valence angle distortion in order to adopt the parallel conformation to the water surface. Our results show that the average angle between the parylene unit and the water surface also depends on the polymer concentration. This effect can be explained by the formation of the second layer of polymer. This is well visible in the following systems: n = 5, n = 5 × 2, n = 11 and n = 11 × 2. In one layer systems, there are not enough molecules to form the second layer of the polymer film. Additionally, in the n = 5x2 system, we observed a cluster of approximately 44 × 64 × 9 Å in dimension. According to Eq. 1 in ref. \[[@CR11]\], the diameter of a 9 Å high column formed by parylene molecules should be circa 68 Å. (Characterization of the structure of parylene C revealed a growth mechanism obeying the power-law scaling. Power-law scaling proposes a columnar growth by relating its diameter to its height with an allometric equation as follows: d = ch^p^, where d is the column diameter, c and p are constants, and h is the height of a column. For parylene C the value of constants is as follows: c = 55.20 ± 2.23 and p = 0.11 ± 0.01. \[[@CR11]\]). With comparison to our results, this calculation is 4 Å in error. However, with a small number of simulated molecules, we find this error to be within an acceptable margin. This effect is confirmed experimentally by Lee et al. \[[@CR16]\] (in the first step of the polymer deposition process, islands with rounded edges are formed, see Fig. [1](#Fig1){ref-type="fig"} in ref. \[[@CR16]\]).

The analysis of the dihedral angle between vicinal units shows that this aspect does not depend on the polymer concentration. The ratio of cis-like to trans-like conformations in systems with a chain length from 2 to 5 is almost equal, while the population of gauche-like conformations becomes smaller. In the system with a chain length of 11 units, only about 10% of the angle population become trans-like, while the rest remains in a cis-like conformation. These results can be explained by the speed of hydrophobic cluster formation. With longer chains, the speed of hydrophobic cluster formation is much higher than in the case of short chains; additionally, the formed clusters are much more stable. While the cluster is forming, the polymer chains located in the local vicinity are close enough to prevent dihedral angle rotation. In systems with long chains, we observed a slight increase in rotation parameter. This is caused by units placed on chain bends which do not participate in cluster formation. This result is in agreement with the rotation profile of the dihedral angle between aromatic rings presented by Wunderlich et al. \[[@CR36]\], and also with the results obtained for parylene N by de Leeuw et al. (see Fig. 9a and 14 in ref. \[[@CR19]\]). According to Sroka-Bartnicka et al. \[[@CR20]\], the difference in the internal energy between the "straight" and "bent" conformations (calculated using the GIAO B3LYP \[[@CR37]\] hybrid functional and the 6-311++G\*\* basis set as implemented in the Gaussian 03 program \[[@CR38]\]) is about 1.9 kcal mol^-1^, as calculated for a trimer. 1.9 kcal mol^-1^ is not enough to prevent free conformational change, which in turn indicates that chain interactions are essential in maintaining the "straight" conformation.

The average distance of the parylene unit to the water surface was measured as the distance of the center of mass of every parylene unit to the water surface (see Table [1](#Tab1){ref-type="table"}). Our results reveal that with chain elongation, the average distance grows for the systems n = 1 -- 3, also we observed a distance drop for: n = 4, n = 5, n = 11 and n = 121. For the n = 1 system, all monomers were placed on the water surface, creating only one layer. In this case, the average distance is about 4 Å. With an increase in concentration, some of the units migrated to the second layer and we observed a 1 Å growth in distance. Dimers and trimers form irregular structures, which are possible cores for the columns observed experimentally. For tetramers (n = 4 and n = 4 × 2 systems), we observed initial signs of order and stabilization of the structure with the average distance of the parylene unit to the water surface becoming about 1 Å lower than the distance in the corresponding trimer system. The average distance for the n = 5 system is the same as in n = 1, however, in this case, due to structure stabilization, the fluctuations are much lower. All simulated one layer systems with chain length greater than four create one stable layer of polymer film with an average distance of 4 Å to the water surface. In double concentration systems (×2), we observed the creation of a second layer of polymer film and an average distance between 5 and 6 Å. Table 1The average distance of the parylene unit to the water surfaceSingle layer systemAverage distanceDouble layer systemAverage distancen = 14.0 Ån = 1 × 25.5 Ån = 26.0 Ån = 2 × 27.0 Ån = 37.0 Ån = 3 × 28.0 Ån = 46.0 Ån = 4 × 27.0 Ån = 54.0 Ån = 5 × 26.0 Ån = 114.0 Ån = 11 × 25.0 Ån = 1214.0 Ån = 121 × 25.5 Å

The average mobility was measured as the difference in the location of the mass center of every parylene unit between two snapshots (1000 MD steps). Our results reveal that the average mobility of the parylene oligomers on the water surface depends strongly on the chain length. We observed the highest mobility in the case of monomers, and a rapid decrease of this parameter for dimers. The calculated mobility for all other systems (with a chain length of three and greater) is between 1 and 1.2 Å. This clearly shows that the mobility is connected to the polymerization mechanism of parylene, as is consistent with the results obtained by Senkevich et al. \[[@CR39]\] and our previous work \[[@CR40]\]. Similarly, to initiate polymerization, a diradical trimer is required. The activation energy barrier for the reaction of forming a dimer from two monomers is equal to about 15 kcal mol^-1^, while the difference in the energy between the substrate and product is about 13 kcal mol^-1^. Furthermore, the elongation reaction of the existing chain requires circa 3 kcal mol^-1^, whist the substrate-product energy difference is about 35 kcal mol^-1^ \[[@CR40]\]. After the formation of the trimer, the average mobility decreases to below 1.2 Å, and we observe the start structure stabilization during the cluster formation process. While in the case of monomers and dimers, we observed a formation of hydrophobic clusters, nevertheless, due to the high molecular mobility, the newly formed clusters are structurally unstable. To form a stable cluster, a chain of at least 5 units is required. It is of notable mention that the energy barrier of the polymerization reaction is only twice higher than the barrier between the "straight" and "bent" conformations. The parylene oligomers exhibit very limited mobility, however, due to the fact that the polymerization reaction has a low energy barrier, the formation of the polymer film is possible at room temperature. The reverse situation is present at the beginning of polymerization in the stage of dimer formation. The activation energy barrier for the reaction is high (about 15 kcal mol^-1^), however, it is possible due to the high mobility of the monomers. Subsequently, during chain elongation, average mobility is further decreased and seems to stabilize to within a range of about 1 Å. We observed a limited effect of concentration of parylene C oligomers on average mobility.

Relying on our results, we propose the following scenario for the formation of parylene film structure: After the pyrolytic decomposition of p-cyclophanes into monomers, dimers are formed with an energy barrier of 15 kcal mol^-1^. The high energy barrier of this reaction is partially compensated by the high mobility of the monomers. The average mobility of dimers is much lower, and the energy barrier of the addition of the third unit to the dimer is about five times smaller. In the case of monomers and dimers, we observed a formation of hydrophobic clusters, however their structure was not stable. With the formation of trimers, the first stable clusters begin to appear. We can observe this process in (n = 3) where the gauche population is still high, albeit smaller than in the case of dimers (n = 2). Furthermore, there is no large difference in the gauche populations for chains 3 to 4 units, although we can observe a rapid decrease of the gauche population for a five unit chain. This is caused by the formation of stable clusters as described previously. From this point onward, chain elongation may be considered to occur via two scenarios. In the first, the polymer chain remains in the "straight" conformation, while in the second, the polymer chain starts to bend and to form a second layer of polymer film. This process is well related to the deposition speed of the monomers \[[@CR12]\]. With high deposition speed, more chain bending occurs and the structure of the parylene film will be patchy. With low deposition speed, the number of chain bends will be smaller, and the structure of the parylene film will be uniform (see Fig. 2 in ref \[[@CR12]\]).

Conclusions {#Sec4}
===========

It is known that with different conditions (rate, temperature, angle, etc.) for the parylene deposition process, different polymer film structures can be obtained \[[@CR11], [@CR17], [@CR41]\]. However, it seems that diffusion \[[@CR9]\] for this process \[[@CR12]\] (connected with the structure relaxation time) is a key parameter in the design of polymer structure. To date, the atomic resolution of the parylene film structure is not available, and therefore theoretical data can be significantly useful in providing structural information. Today, even with still growing computational power, it is impossible to perform long range molecular dynamics with the full length of parylene chain (2000--4000 units) \[[@CR42], [@CR43]\]. It is also impossible to yet compute and observe real time growing of the parylene film with a critical thickness of about 5000 -- 10,000 Å \[[@CR11]\] and a growing rate of 50 Å min^-1^ in a temperature of about 30 °C \[[@CR9]\].

According to our results, the average angle between the parylene unit and the water surface depends strongly on the length of the oligomer. With chain elongation, the average angle increases, and we observe a significant jump in the population of parylene units orthogonal conformation to the water surface, yet for those species whose chain is five and greater units long. Five unit chains were also the first group in which the average distance to the water surface was stable, with low fluctuations. This led us to postulate that the minimum number of parylene units in a chain, necessary for adherence to a covered surface and for creation the stable hydrophobic cluster, is 5. The analysis of the dihedral angle between vicinal units shows that this aspect does not depend on the polymer concentration; however it can depend on the polymer deposition ratio. Our results reveal that the average mobility of the parylene oligomers on the water surface depends strongly on the chain length. We observed the highest mobility in the case of monomers, and a rapid decrease of this parameter for dimers. The calculated mobility for all other systems (with a chain length of three and greater) is between 1 and 1.2 Å. We conclude that the mobility is connected to the polymerization mechanism of parylene. The parylene oligomers exhibit very limited mobility; however, due to the fact that the polymerization reaction has a low energy barrier, the formation of the polymer film is possible at room temperature. The reverse situation is present at the beginning of polymerization in the stage of dimer formation. The activation energy barrier for this reaction is high (about 15 kcal mol^-1^), however, it is possible due to the increased mobility of the monomers. Subsequently, during chain elongation, average mobility is further decreased, and seems to stabilize to within a range of about 1 Å. We observed a limited effect of parylene C oligomers concentration on the average mobility.

Using our theoretical calculations and built models, we propose a scenario of the formation of the structure of parylene film; the suggested pathway is consistent with the observed column growth mechanism by Demirel et al. \[[@CR11]\] in the parylene deposition process. While the polymer chain is growing, the molecular mobility is decreasing. In the case of parylene C, the minimum number of units of chain to create a stable hydrophobic cluster and to adhere to a covered surface is five. Subsequently, with chain elongation, two possibilities arise. The polymer chain can either bend and start to form a second layer, or remains in a "straight" conformation. The selected pathway is related with the deposition speed of the monomers. With high deposition speed, more chain bends occur and the structure of the parylene film will be patchy. With low deposition speed, the number of chain bends will be lower, and the structure of the parylene film will be uniform as suggested by Bowie and Zhao \[[@CR12]\].
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